The scalloped spiny lobster Panulirus homarus (Linnaeus, 1758) is a highly valuable species with a widespread global distribution, ranging from South Africa around the Persian Gulf, and across the Indo-Pacific as far as Japan and French Polynesia. Throughout its range, the species is an important fisheries species with global annual landings in the order of 3000 t. Mitochondrial control region DNA sequences (625 bp) were used to investigate the population genetic structure of this species in the West Indian Ocean (WIO), using 137 individuals collected from four sites, including two locations along the south coast of Iran, and sites along the coast of the Sultanate of Oman in the Arab Sea, as well as Tanzania in eastern Africa. High levels of haplotype diversity (H ¼ 0.997) were observed in all populations, although nucleotide diversity was relatively low (pi ¼ 0.035). The hypothesis of a single stock in this region was rejected, with highly significant genetic differentiation revealed between Tanzania and the remaining locations (overall F ST ¼ 0.039, p , 0.00001), as well as slight genetic structure in the Arabian Sea region. Historical population expansion was inferred from Tajima's D and Fu's F tests. The results reveal at least two distinct genetic stocks in WIO and may have major implications for fisheries management.
Introduction
Spiny lobsters are a luxury seafood in most countries and also an important income source for poor fishers of African and Asian countries (Holthius, 1991) . These crustaceans also have an important ecological role through predation (Butler et al., 2006) in marine ecosystems. However, many aspects of their life history, including population structure and patterns of connectivity, are still unknown for many species. Panulirus homarus is a resident of shallow coastal waters throughout much of the Indo-West Pacific region (Berry, 1974; George, 2005) . This species is widely distributed from South Africa in the southwest Indian Ocean through to the Marquesas Islands in French Polynesia. It has also been reported from some warm-temperate regions such as southern Japan (Holthius, 1991) . The annual global fisheries landings for this species are estimated to be around 3000 t (FAO, 2013) . This species is also one of the leading contenders for aquaculture development because of its shorter (4.5-6.5 months) larval period, compared with other congener candidates (e.g. P. penicillatus 8.3 -9.4 months and P. japonicus 7.5 -12.6 months) and faster growth compared with most other spiny lobster species (Phillips and Matsuda, 2011) . Three or four morphological (Berry, 1974; George, 2005) and two genetic subspecies (Ptacek et al., 2001) of P. homarus have previously been described from distinct geographic regions throughout the species' distribution. This study concentrates on West Indian Ocean (WIO) populations of the species. Based on previous morphological descriptions and the geographic locations of our samples (Berry, 1974; George, 2005) , all specimens considered in this study belong to P. homarus megasculpta and have preliminary mitochondrial DNA sequences that match this subspecies (Ptacek et al., 2003) . However, the genetic distinctiveness of the putative subspecies is far from clear, and definitive genetic comparisons of them remain to be conducted. As such, we simply use P. homarus to describe specimens in this study.
Panulirus homarus has high importance for fisheries in the Indo-Pacific region (Holthius, 1991; FAO, 2013) . However, there has been a dramatic widespread decrease in landings during the last decade (FAO, 2013) . This decrease has been particularly observed locally along the Iranian coast of the Oman Sea (Rastiannasab, 2005) and the Arabian Sea coast of the Sultanate of Oman (Al-Marzouqi et al., 2007) . Similar decreases have also been reported in other spiny lobsters such as P. argus in the Caribbean region (Ehrhardt and Fitchett, 2010) , Palinurus elephas in the Mediterranean Sea (Goni and Latrrouit, 2005) , and other closely related species of Panulirus such as P. ornatus and P. versicolor (FAO, 2013) . The high economic value of this species means that the elucidation of stock boundaries and population structure is of great importance in improving management strategies. Moreover, understanding of the genetic diversity of the wild populations of scalloped spiny lobster is critical, as currently all seed for aquaculture come from the wild (Phillips and Matsuda, 2011) .
Spiny lobsters have long planktonic larval duration compared with other marine invertebrates (Butler et al., 2006) . Dispersal of long-lived pelagic larvae is likely to prevent genetic divergence among geographically distant populations of marine species. However, physical barriers such as local ocean currents can inhibit dispersal sufficiently to allow populations to diverge genetically (Avise, 1994) . Although the long larval dispersal of several other previously studied Panulirus species appear to have resulted in genetic panmixia of those species (Naro-Maciel et al., 2011) , low levels of connectivity have been reported in other palinurids with long larval duration, such as P. elephas (Babbucci et al., 2010) . Understanding such patterns of population structure and connectivity is a key element in fisheries management (Thorpe et al., 2000) as it allows the delineation of appropriate spatial scales and stock boundaries for management (Fogarty and Botsford, 2007) .
Larval dispersal plays an important role in maintaining genetic connectivity and population genetic structure in marine species (Thorpe et al., 2000) . Due to the difference in larval duration between P. homarus and other Palinurid species and also differences in the oceanographic features (e.g. surface currents, productivity, and salinity) in this part of its distribution, it is difficult to predict the expected pattern of population genetic structure in P. homarus in the WIO region. However, given the mentioned larval dispersal phase, panmixia is likely over this small part of the species' range. Nevertheless, fine-scale differences in size structure and size at sexual maturity have been reported for P. homarus populations along a small geographic range of the coast of the Sultanate of Oman (Mohan, 1997) , and perhaps these differences may be due to subtle population divergence, although differential recruitment and exploitation are more likely factors.
There have recently been several studies of the population genetic structure of Panulirus and Palinurus species using genetic techniques. The mtDNA genome, and the control region in particular, has proven to be extremely useful in population genetic studies (Ovenden, 1990; Avise, 1994; Chu et al., 2003) . A successful study of P. penicillatus East-West Pacific differentiation used 16S and COI mtDNA genes (Chow et al., 2011) . The highly polymorphic mitochondrial control region (mtCR) sequence has been used previously for population genetic studies in P. gilchristi (Tolley et al., 2005) , P. inflatus (Garcia-Rodriguez and Perez-Enriquez, 2008), P. argus (Naro-Maciel et al., 2011), P. delagoae (Gopal et al., 2006) , and P. elephas (Babbucci et al., 2010) . Subtle population structure was detected in P. delagoae along the African coast, whereas more significant differentiation was found between Mediterranean and Atlantic populations of P. elephas.
There have been no previous population genetic studies of P. homarus or closely related congeners, such as P. versicolor, P. ornatus, or P. polyphagus. The objective of this study is to investigate potential genetic substructure among populations of P. homarus from the WIO. We address this question using the mtCR sequencing of samples from southern Iran, Oman, and Tanzania. Genetic differences among these sampling locations would have important implications for fisheries management and aquaculture of the species.
Material and methods

Sample collection
Samples of P. homarus were collected at four locations in the WIO, including Larak Island in the Strait of Hormuz, Chabahar in the southeast of Iran on the Oman Sea, the Sultanate of Oman coast (Mirbat) in the Arabian Sea, and the Zanzibar coast of Tanzania ( Figure 1 ) during 2011/2012. Small amounts of pleopod muscle were preserved in 95% ethanol before DNA isolation. Total genomic DNA was extracted from muscle tissue using the phenol -chloroform -isoamyl alcohol method as modified by Baker et al. (1994) .
MtCR sequencing
Polymerase chain reactions (PCRs) were undertaken in 25 ml, containing 2.5 ml of Taq-ti polymerase 10× reaction buffer (Fisher Thermo-Scientific), 2.5 mM MgCl 2 , 0.2 mM of dNTP mix, 0.4 mM from each 10 mM primer, 0.05 ml (0.125 U) of Taq-ti DNA polymerase (Fisher Thermo-Scientific), and 10 -20 ng of total DNA template. Reaction tubes for mtCR amplification were exposed to initial denaturation of 948C for 4 min, following by 35 cycles of 948C for 10 s, 598C for 20 s, and 728C for 30 s. The final extension was carried out at 728C for 5 min. All PCRs contained a negative control. PCR primers previously designed for P. argus mtCR (CRL-F and CRL-R) were used for the amplification of 800 bp of the control region (Diniz et al., 2005) . All reactions were done on an ABI Veriti thermo cycler.
Free nucleotides and primers were removed from PCR products using a SAPEX protocol, shrimp alkaline phosphatase, and exonuclease (Werle et al., 1994) . The products were directly sequenced using the standard protocols of BigDye terminator sequencing chemistry on an ABI PRISM 3100 Genetic Analyzer (Perkin-Elmer, Foster City, CA, USA) automated capillary sequencer at the School of Biological Sciences, University of Auckland. Unincorporated dye-labelled nucleotides were removed using the CleanSEQ (Agencourt Bioscience Corporation, Beverly, MA, USA) magnetic bead protocol under recommended conditions. PCR products were sequenced from the 5 ′ end using the CRL-F primer. Sequencing was repeated when sequenced fragments were shorter than expected and/or of poor quality.
Sequence analyses
Sequences were trimmed to 625 bp to provide the best quality sequences for alignment and subsequent analyses. Alignment was done using GENEIOUS software (MUSCLE alignment; Edgar, 2004) and confirmed by eye. Alignments were exported as Phylip files for further analysis on related software.
The best nucleotide evolution model was selected by Jmodeltest 0.1 (Posada, 2008) with the Tamura-Nei (Tamura and Nei, 1993) model with gamma shape of 0.246 used in haplotype frequency analysis and neighbour-joining tree construction in GENEIOUS version 5.5.3 (Drummond et al., 2011) . Gene (haplotype) and nucleotide (p) diversities (Nei, 1987) were calculated using Arlequin version 3.5 (Excoffier and Lischer, 2010) . Analysis of molecular variance (AMOVA) was undertaken in Arlequin to evaluate the overall pattern of genetic diversity among populations. Fixation indices and the exact test of population differentiation based on haplotype frequency were tested using 1000 permutations in ARLEQUIN 3.5. The probabilities of multiple simultaneous tests were adjusted for the family-wide false discovery rate (using the method of Benjamini and Hochberg 1995) . Past demographic patterns were inferred by Tajima's D (Tajima, 1989 ) and Fu's F (Fu, 1997) calculation for neutrality, and mismatch distributions calculated in Arlequin.
Results
A high level of mtDNA diversity was found within the species. A 625-bp fragment of the mtCR was analysed for 137 samples (Genbank accession nos. KC625333-KC625469). As expected, this fragment had a high A-T bias in nucleotide composition with ratios of A: 40.39%, T: 35.69%, C: 13.47%, and G: 10.46%. A C-repeat (up to 12 bp long) was found at the 5 ′ -end of this fragment and was trimmed before analyses. In total, 205 polymorphic sites were found, with a high transition/transversion ratio of 4.58, resulting in 117 haplotypes were found among all 137 samples. There were few shared haplotypes among sampling locations. A large proportion of haplotypes were singletons, such that haplotype diversity was close to 1.0 in all populations (Table 1) . Nucleotide diversity was moderate, ranging from 0.031 to 0.041.
The high haplotype diversity in these samples was reflected in the relationships of mtCR haplotypes. The neighbour-joining tree (Figure 2) showed that specimens from most sample locations were found throughout the network, except for those from Tanzania, which mostly clustered closely together to the exclusion of samples from other locations. There was one cluster of haplotypes diverged from the majority, but these were not geographically distinct and were found in all locations (Figure 2) . A very similar topology was observed in the median-joining haplotype network.
The relatively large phylogeographic difference of the Tanzanian samples was reflected in the significant F ST values. The AMOVA showed significant genetic structuring in the entire WIO region (F ST ¼ 0.039, p , 0.00001; Table 2), which was largely due to the Tanzanian samples being highly significantly differentiated from each of the other samples (Table 3) .
Exact tests for heterogeneity in haplotype frequencies revealed that there were further, more subtle, genetic differences between locations, beyond the differentiation of the Tanzania sample. (A table of all haplotype frequencies has been presented in Supplementary Appendix 1.) The overall exact test of haplotype frequencies was highly significant (p , 0.00001), whereas the pairwise tests showed that this was due to significant haplotype frequency differences between most pairs of samples (Table 3 ). The Tanzanian comparisons were likely to be less powerful in this type of test due to the smaller sample size from this location, which may explain non-significant test results.
Values of both Tajima's D and Fu's F were negative for all location samples as well as overall ( Table 1 ). The Tajima's D values were significant only for Oman and over all samples. The Fu's F values were highest for these same samples, but were also significant for all remaining samples except those from Tanzania.
Discussion
Despite expectations that there would be little genetic differentiation among these samples of P. homarus from the Northwest Indian Ocean (NWIO), the mtCR sequences from this study have revealed two significant levels of genetic divergence among these populations. Of greatest significance is the large phylogeographic divergence of the Tanzanian samples from the other NWIO samples. This suggests that there has been little mixing of larvae among these locations over a long evolutionary period.
Further, there were additional, more subtle, genetic differences detected among all the remaining locations. In datasets with high haplotype diversity, but moderate to low nucleotide diversity, analyses of haplotype frequencies alone can be particularly powerful (Excoffier et al., 1992) . The significant tests of haplotype frequency difference suggest that there is not complete mixing of larvae among the Oman and Iran sampling locations, as might be expected, but that local currents may somewhat restrict larval dispersal and hence gene flow among locations. However, due to the high haplotype diversity, most haplotypes were rare, so that these haplotype frequency tests are not particularly powerful, and further loci should be examined to confirm these subtle genetic differences. Analyses of microsatellites are currently underway to provide this confirmation.
Although the genetic differentiation among NWIO samples is somewhat surprising for this species with long-lived planktonic larvae, it is not entirely novel among other marine species distributed along this coastline. The deep water spiny lobster P. delagoae has shown shallow genetic partitioning in mtCR sequences between four southern sites from South Africa and two northern sites from Mozambique (Gopal et al., 2006) , suggesting that two management units over this range would provide for more effective management of this fishery. There are very few other marine population genetic studies in the WIO region for comparison. The mud crab (Scylla serrata) displays an even greater level of population differentiation over a similar region (Tanzania to the Red Sea; Fratini and Vannini, 2002) , but this is perhaps to be expected from mud crab, a coastal species with a much shorter larval period. A study of marine population structure of migratory sailfish in the NWIO has even shown some genetic difference at a very fine geographic scale between stocks inside and outside the Persian Gulf (separated by the Strait of Hormuz), although this was not seen in Spanish mackerel from the same region (Hoolihan et al., 2006) .
In this study, the greatest significance in phylogeographic divergence was of the Tanzanian samples from the other NWIO samples.
Mitochondrial DNA population structure
Many of the haplotypes from this population formed a unique mtCR lineage, diverged from the remaining haplotypes. This Tanzanian lineage has diversified considerably over time, with 3.1% average sequence diversity among its haplotypes. This suggests that there has been very little mixing of larvae between the Tanzanian and other sampled locations over a long evolutionary period. However, the fact that one Tanzanian haplotype was also found in another location and that some Tanzanian haplotypes come from other parts of the mtCR phylogeny clearly showed that there has been some larval leakage between Tanzanian waters and other parts of the NWIO, preventing complete differentiation.
Compared with the long isolation of the Tanzanian population, the more subtle genetic differentiation among the remaining sampled populations suggests that these may have become somewhat isolated much more recently and still experience a degree of ongoing gene flow. The time require for population haplotype to diverge slightly through random genetic drift (e.g. as seen between Iran and Oman samples) is much shorter than the time required for many new haplotypes to evolve (as seen in Tanzania population).
Potential impact of sea currents
In marine species with long pelagic larval duration, sea currents that coincide temporally with the larval period play an important role in determining genetic structure. The pattern of differentiation observed in this study, despite the long larval duration, is potentially explained by the current patterns during the larval period of P. homarus. The main currents within the Arabian Sea region are driven by the monsoon, including the Arabian Sea upwelling, local eddies, and the Somali Current (Ivanochko, 2005;  Figure 3 ). The Tanzanian coastal water is affected by the South Equatorial Current and the Somali Current in July, whereas in January, it is affected by the Mozambique Current and Equatorial Countercurrent (Figure 3) . The South Equatorial current flows westward towards the Tanzanian coast and the Countercurrent flows from the coast to the east (Longhurst, 2006) . These two currents likely separate Tanzanian lobsters from the more northerly populations along the Oman and Iranian coasts. Perhaps, the Somali current could disperse larvae to the NWIO from Tanzania, but this current rarely affects the Tanzanian coast and has most influence along the Somali to Oman coasts. Local eddies sometimes also develop off this coast (Figure 3) , which may act to entrain larvae in their circulation. Although we cannot be certain exactly how these currents may be acting to isolate populations of P. homarus, it does seem clear that they act as sufficient barriers to larval dispersal at the critical period, resulting in the genetic differentiation of populations in the Arab Sea region. Given that P. homarus exhibits stock differentiation across the NWIO in the mtCR, it may well do so in other parts of its range. Due to its current overexploitation and fisheries management difficulties, it will be important to examine this species more closely throughout its distribution, using larger sample sizes and nuclear markers.
Our results may also be relevant for other related species. Throughout most of its NWIO distribution, P. homarus coexists with P. versicolor, P. Ornatus, and P. polyphagus, three other commercially important spiny lobsters (George, 2005) . Perhaps, the factors driving P. homarus population differentiation in this region will also affect the other lobster species, and so it should be informative to also examine these species across this range. Comparisons of the genetic population structure with these three other spiny lobster species over the same range could be a useful approach for helping to corroborate possible constraints on larval dispersal and as a result fisheries management implications in these species. Overall, such genetic studies are likely to be of great assistance in the better management of spiny lobster fisheries.
Population demography
A high level of haplotype diversity was observed within populations. This high diversity is likely associated with a large historical population size and past population expansion. A high maternal genetic effective population size is not surprising given lobster females have very high fecundity (Morgan, 1972; Berry and Smale, 1980; Booth, 2011) , and the species has a very wide distribution. Similarly high haplotype diversity has also been observed in many other Panulirus species (Table 4) as well as in other crustaceans (You et al., 2008; Porobić et al., 2013) . The significantly negative values of Tajima's D and Fu's F observed in these P. homarus populations is often associated with a recent population expansion (Rogers and Harpending, 1992) , and this has also been seen in other spiny lobsters (Palero et al., 2008; Babbucci et al., 2010; Naro-Maciel et al., 2011) and been related to demographic expansion during late Pleistocene climate changes.
Conclusion
Despite a lengthy larval period and strong ocean current system in the WIO, the P. homarus samples from populations in Tanzania, Oman, and Iran do not come from a single panmictic stock. These results have implications for fisheries management in the region and for the development of aquaculture of this species, which will require genetically diverse broodstock as the basis for any subsequent selective breeding programme. The results also have implications for the potential population structure throughout the remainder of the distribution of this species, as it is highly likely that there will be several other discrete populations within the species. A more comprehensive study is required of population genetic connectivity throughout the global range of P. homarus, using both nuclear and mitochondrial markers. This should prove extremely valuable in providing a clear picture of the overall patterns of connectivity in the (Tajima, 1989) and its probability in parenthesis; Fu's F, values of measure and its probability in parenthesis.
Figure 2. Neighbour-joining tree of relationships among all mtCR haplotypes from P. homarus samples based on Tamura -Nei distances. The blue branches are haplotypes from Chabahar, green for Larak, black for Oman, and red are Tanzanian. Bootstrap support values greater than 50% are shown. 
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